Abstract: Sustainable production and consumption patterns require a change in approach at the early conceptual stages, i.e., when planning and designing products and services. This article presents an example of sustainable kitchen design aimed at the needs of seniors and people with physical disabilities, which takes into account social, economic, and environmental aspects. The interdisciplinary project team used a variety of traditional design methods such as the identification of requirements using QFD (Quality Function Deployment) and FMEA (Failure Mode Effects Analysis), the development and verification of the technical concepts of the designed objects and their use, the development of construction and technological documentation, assembly drawings of the product architecture and its parts, function cost analysis, virtual and real prototyping, and tools based on the concept of a life cycle such as environmental life cycle assessment (LCA) and life cycle costing (LCC). The analysis of the design solutions from the point of view of several criteria and several life cycle stages shows the complexity of the decision-making process and the difficulties in selecting a clearly favourable solution. Environmentally preferred materials may be difficult for users to accept due to their costs. On the other hand, materials that have a high environmental impact at the production stage may show great potential for final disposal.
Introduction
This article presents the results of life cycle assessment (LCA) and life cycle costing (LCC) analyses performed as part of a project called 'New Product Lines Enhancing Mobility and Accessibility of Environment for Seniors and Disabled (PBS1/A6/5/2012)', which was conducted from 2012 to 2015 by employees of several Polish research centres, including the Poznań University of Technology, the Poznań University of Life Sciences, the Poznań University of Medical Science, and the Poznań University of Economics and Business.
This project was carried out within the context of various scientific and other academic fields, including gerontechnology, rehabilitation techniques, mechanical and material engineering, ergonomics, design, marketing, and environmental science. The fundamental goal of the project was to develop new product lines (furniture, rehabilitation equipment), which considered the specific needs of elderly and disabled people and would be suitable for commercialization in the Polish market. The project team developed new design concepts for kitchen lines, as well as devices for physical It has been found that there is no other publication within the available literature that presents research into the design work for kitchens produced for the elderly and people with motor impairment, which simultaneously uses traditional and environmental design methods. There are publications that refer to the design of bespoke kitchen lines for elderly and/or disabled people (e.g., [35] [36] [37] [38] [39] [40] [41] ), but none of them consider the environmental aspects of the respective processes. On the other hand, there are publications that deal with kitchen eco-design but without any specific consideration of the needs of elderly and/or disabled people, e.g., [42] [43] [44] [45] .
Materials and Methods

Kitchen Design
This article presents the results of an environmental and cost life cycle assessment for different variants of the kitchen intended for seniors and the physically disabled. In this kitchen design, dozens of structural and functional solutions have been used, addressing the needs of the elderly and the physically disabled. They relate to the spatial arrangement of the kitchen, the design, and the functionality of the furniture and accessories. Below are some of these solutions:
A single space: the kitchen is connected with the living room. The use of kitchen islands or peninsulas functionally separates different spaces. There is a continuous worktop. The order of furniture units is adapted to the direction in which a person in a wheelchair moves; Room for wheelchair manoeuvres (diameter 150 cm); The rooms are additionally lit by sunlight (a window in the room); Contrasting colours of the floor and the furniture; Non-slip floor; The furniture is 140 cm high and ensures the visibility of the cabinets' contents; Installation of household appliances at a minimum height of 29 cm above the floor level; Drawers are equipped with a mechanical opening support system. There are push-to-open and full extension drawers and push-to-open shelves in cabinets (except for the refrigerator and the dishwasher); the shelves are equipped with an electrically assisted opening system; Front finish protects from wheelchair or crutch scratches; Flatware trays in the drawers are adapted to the capabilities of users and their strength; the heaviest items are closest to the axis of their body; Handles can change their positions and angles.
The kitchen has been designed for five people, including at least one with limited mobility. The kitchen can be described as having a high standard because it is intended for a detached house with an area of 263 m 2 impairment, which simultaneously uses traditional and environmental design methods. There are publications that refer to the design of bespoke kitchen lines for elderly and/or disabled people (e.g., [35] [36] [37] [38] [39] [40] [41] ), but none of them consider the environmental aspects of the respective processes. On the other hand, there are publications that deal with kitchen eco-design but without any specific consideration of the needs of elderly and/or disabled people, e.g., [42] [43] [44] [45] .
Materials and Methods
Kitchen Design
 A single space: the kitchen is connected with the living room. The use of kitchen islands or peninsulas functionally separates different spaces. There is a continuous worktop. The order of furniture units is adapted to the direction in which a person in a wheelchair moves;  Room for wheelchair manoeuvres (diameter 150 cm);  The rooms are additionally lit by sunlight (a window in the room);  Contrasting colours of the floor and the furniture;  Non-slip floor;  The furniture is 140 cm high and ensures the visibility of the cabinets' contents;  Installation of household appliances at a minimum height of 29 cm above the floor level;  Drawers are equipped with a mechanical opening support system. There are push-to-open and full extension drawers and push-to-open shelves in cabinets (except for the refrigerator and the dishwasher); the shelves are equipped with an electrically assisted opening system;  Front finish protects from wheelchair or crutch scratches;  Flatware trays in the drawers are adapted to the capabilities of users and their strength; the heaviest items are closest to the axis of their body;  Handles can change their positions and angles.
The kitchen has been designed for five people, including at least one with limited mobility. The kitchen can be described as having a high standard because it is intended for a detached house with an area of 263 m 2 . It is an open kitchen with an area of 25 m 2 ( Figure 1 ). The kitchen consists of 16 furniture units (13 types because three of these types are double). The mass of all the furniture is 924 kg; the two storage cabinets are the heaviest (14%), followed by two low corner cabinets (15%), two low storage cabinets (11%), the worktop (11%), and a modular cupboard (10%). The furniture arrangement in the kitchen is presented in Figure 2 . From the point of view of the construction materials, the composition of the kitchen furniture in the baseline scenario is as follows: wood (0.02%), wood-based materials (88%), steel (9.8%), plastics (1.5 %), and aluminium (0.7%). The kitchen consists of 16 furniture units (13 types because three of these types are double). The mass of all the furniture is 924 kg; the two storage cabinets are the heaviest (14%), followed by two low corner cabinets (15%), two low storage cabinets (11%), the worktop (11%), and a modular cupboard (10%). The furniture arrangement in the kitchen is presented in Figure 2 . From the point of view of the construction materials, the composition of the kitchen furniture in the baseline scenario is as follows: wood (0.02%), wood-based materials (88%), steel (9.8%), plastics (1.5 %), and aluminium (0.7%). 
Life Cycle Assessment (LCA) and Life Cycle Costing (LCC)-General Methodology
The environmental impact was assessed by using the Impact 2002+ Life Cycle Impact Assessment method, which includes the following impact categories: non-renewable energy, mineral extraction, land occupation, carcinogens, non-carcinogens respiratory inorganics, ionizing radiation, ozone layer depletion, respiratory organics, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/nutrification, aquatic acidification, aquatic eutrophication, global warming, and nonrenewable energy [46] . This method was chosen because it combines midpoint and endpoint approaches. On the one hand, it enables the analysis of the characterization results, wherein the environmental impact is modelled using midpoint indicators; on the other hand, it allows a single result in the form of a single score expressed in points (Pt) to be obtained. Thanks to the cumulative result, designers can, in a quick and transparent manner, identify which materials and components are the main sources of a negative environmental impact. Due to the use of LCA at the design stage, in this article, special emphasis was placed on presenting the LCIA results as a single score, while the characterization results are commented on in the 'Discussion' section. The LCIA results are presented in the following order: life cycle stages, furniture units, materials, and components (the latter only for selected furniture units).
As for the LCC, the costs were estimated from the point of view of the furniture user. The analysis included the purchase price of the furniture accessories and construction materials, transportation, water, detergents, labour, and market retail prices of waste resale in Poland in 2015. Due to the 10-year lifespan of the furniture, LCC analysis was carried out in two variants: without the discounting of costs and with discounting. Costs that occur at different points in time over a study period cannot be directly summed up because they have different values. The discount rate is the 
The environmental impact was assessed by using the Impact 2002+ Life Cycle Impact Assessment method, which includes the following impact categories: non-renewable energy, mineral extraction, land occupation, carcinogens, non-carcinogens respiratory inorganics, ionizing radiation, ozone layer depletion, respiratory organics, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/ nutrification, aquatic acidification, aquatic eutrophication, global warming, and non-renewable energy [46] . This method was chosen because it combines midpoint and endpoint approaches. On the one hand, it enables the analysis of the characterization results, wherein the environmental impact is modelled using midpoint indicators; on the other hand, it allows a single result in the form of a single score expressed in points (Pt) to be obtained. Thanks to the cumulative result, designers can, in a quick and transparent manner, identify which materials and components are the main sources of a negative environmental impact. Due to the use of LCA at the design stage, in this article, special emphasis was placed on presenting the LCIA results as a single score, while the characterization results are commented on in the 'Discussion' section. The LCIA results are presented in the following order: life cycle stages, furniture units, materials, and components (the latter only for selected furniture units).
As for the LCC, the costs were estimated from the point of view of the furniture user. The analysis included the purchase price of the furniture accessories and construction materials, transportation, water, detergents, labour, and market retail prices of waste resale in Poland in 2015. Due to the 10-year lifespan of the furniture, LCC analysis was carried out in two variants: without the discounting of costs and with discounting. Costs that occur at different points in time over a study period cannot be directly summed up because they have different values. The discount rate is the rate that is used in the calculation of the present value and it enables costs at different points in time to be compared. The adopted parameters included a real discount rate of 5%, a discount rate of 7.72% for the costs of use (10 years) and 0.61% for final disposal (after 10 years of use). It was assumed that the stages of the purchase, transportation, and installation would be carried out shortly after each other, and therefore they were not discounted.
Goal and Scope Definition
The main objective of this study is to determine the potential environmental impact and costs associated with the entire life cycle of the designed kitchen. Specific objectives of the study are to:
Identify which stage of the life cycle of the analysed kitchen furniture generates the greatest negative environmental impact and costs; Identify which module and group of components are the main sources of the costs and negative environmental impact in the life cycle of the analysed kitchen furniture; Compare different variants of the kitchen with respect to costs and environmental impact.
The starting point for any LCA and LCC is to identify the functional unit of the analysed object. In the case of furniture, traditional functions are likely to include the provision of working areas for food preparation and cleaning, storage for food products, and space for kitchen equipment, as well as aesthetic and social functions (taking into account that the kitchen plays an important role within the organization of family life). In addition to these traditional assumptions, it is also imperative that the furniture relevant to this project is concerned, with regard to its functionality, with meeting the needs of the elderly and those with motor impairment. With this in mind, a functional unit for the purposes of this particular LCA was defined as able to 'provide, for a period of 10 years, a storage area and working space necessary for food preparation and simple kitchen activities for a five-person household, where at least one user is elderly or a person who has experienced motor impairments'. A function described by the functional unit can be fulfilled by various design solutions in terms of the materials used for manufacturing the furniture modules. Since the fronts and worktops strongly affect the appearance and visual character of the kitchen, various construction materials for these elements have been included in the comparison. They differed in the origin of the base material (wood versus stone), mass, durability, and costs (purchasing and maintenance).
The LCA and LCC analyses were conducted in reference to the following life cycle stages of kitchen furniture: the production of materials and construction elements; the transportation of materials and construction elements to the user; furniture installation at the users' accommodation; the use of furniture; and the final disposal of used furniture.
Life Cycle Inventory
For the purposes of gathering inventory data, a number of rules were imposed, the most important of which were as follows.
Collating the LCIA on the basis of production data that refer to each of the materials used in construction, rather than on the basis of producing specific elements (e.g., the LCA analysis of a handle unit was performed for the production of 0.02 g of aluminium as a construction material not for the production of the handle itself). It also refers to fronts and worktops made of wood, for which the LCA calculation has been based on the raw material requirement instead of the final product (furniture). This assembly-related approach for gathering inventory data is the most important simplification made in the study, which would make the final LCA results slightly underestimated. As the most popular generic LCA databases do not include data on the production of furniture itself, specific LCA and LCC data would have to be collected from manufacturers, which would make the analysis much more time-consuming. Due to the lack of necessary data, the furniture packaging and furniture accessories were excluded from the Life Cycle Inventory and Life Cycle Impact Assessment analyses; Due to the lack of necessary data referring to the dimensions and material content, the following elements were excluded from the LCA analysis: the corner shelf with a mechanism (used in the low corner cabinet SN120/90) and the modular cupboard mechanism;
The assumed lifetime for the kitchen furniture accessories and the specified construction elements is 10 years, in line with the manufacturers' lifetime guarantee. After that period of time, it is expected that the entire set of kitchen furniture may be replaced, which then becomes a waste management issue; Only furniture was the subject of analysis; kitchen equipment elements (e.g., household appliances) were not included; The furniture was transported to the user by a van with a total load up to 3.5 t (van); After the end of the life of the granite, it was assumed that it was passed to a producer of aggregates for reuse. Due to the lack of data about the process of granite reuse, only its transportation was included (distance: 100 km); Costs were determined on the basis of prices in Poland at the time of the study (July/August 2015) and converted from PLN into EUR (exchange rate 4.38 PLN/1€). The transportation costs included the purchase price of fuel and the driver's wage (by the rate per working hour). The installation time, power consumption resulting from the use of power tools, and the installers' remuneration were determined on the basis of interviews with people specializing in the installation of kitchen furniture. Scenarios of the final disposal were adopted in accordance with the practice of dealing with these types of waste under the current Polish conditions in 2015.
The price of waste sale to waste disposal entities (waste incinerator, recycler) was adopted based on the market prices of waste management in Poland in 2015. The costs were determined from the point of view of the furniture user (market prices of furniture components and accessories, transportation costs by retail rates, the remuneration of installers by the retail rate per working hour, the cost of purchasing water for households, market prices of detergents and preservatives, prices of waste resale to a recycler or a waste incinerator). In scenario ALT2b, half of the granite price has been used; however, a better idea could have been to use a price based on selling used granite. As this kind of information was not available, the first solution has been chosen.
As a starting point for the life cycle inventory analysis, a table was prepared for each furniture unit, detailing all components and accessories. These tables included the name of each unit, the type of material, the mass of each unit, and cost information (purchase price). Furthermore, the tables were prepared including transportation to customers, installation, and final disposal. The analysis involved the following scenarios for the use of different materials for fronts and worktops:
Basic variant (BASE): furniture fronts and worktops are made of wood-based boards (fronts: lacquered Medium Density Fibreboard (restoration by lacquering once a year); worktop: high-pressure laminate (HPL) board; the lifetime of all the furniture is 10 years); Alternative variant 1 (ALT1): furniture fronts and worktops are made of solid hardwood (restoration by oiling cabinet fronts and worktops once a year; the lifetime of all the furniture is 10 years); Alternative variant 2a (ALT2): furniture fronts are made of wood-based boards (lacquered MDF, their lifetime is 10 years, restoration by lacquering fronts once a year), the worktops are made of granite (impregnation of the granite worktop once a year; the lifetime of all the furniture is 10 years); Alternative variant 2b (ALT2b): furniture fronts are made of wood-based boards (lacquered MDF, the lifetime of all the furniture, except for the granite worktop, is 10 years, restoration by lacquering the fronts once a year), granite worktops (impregnation of granite once a year; lifetime is 20 years; additional legs for cabinets, on which granite worktops are placed). Since a 10-year time limit was assumed for the functional unit and the lifetime of the granite worktops in ALT2b was assumed to be 20 years, in this scenario, it was assumed that only half of the granite would be needed to fill the functional unit. For this reason, in ALT2b, it was assumed that 50% of the granite would be produced and subjected to final disposal. This treatment was aimed at showing the potential environmental benefit resulting from the extended lifetime of this material.
Due to its high durability, granite could be theoretically used for much longer than 10 years. This means that, after 10 years of its first use, it would not become waste, but it could be a part of another product system (e.g., another kitchen), thus fulfilling its function for the next 10 years. This would eliminate the need to produce new granite, and the related impacts can be treated as avoided burdens. However, this would not eliminate the transportation, installation, and the use of the entire surface of the granite worktops, which in fact are doubled (in the analysed kitchen and the alternative kitchen, in which this granite will be hypothetically used over the next 10 years after the 10 years of its first use). This means that half of the granite can be assigned to the analysed kitchen and another half to the alternative product system. Thus, from the point of view of the final result calculated for the entire life cycle, it does not matter if the input production is decreased by 50% or if the production impacts are modelled as avoided burdens in the amount of 50% of the granite. Accordingly, it was assumed to assign 50% of the mass of granite waste to the analysed kitchen and the other half to the alternative system. In summary, in the LCA and LCC analyses, the consumption of granite was modelled in scenario ALT2b as follows: the production was equal to 50% of the mass of the granite (111 kg), transportation to the user was equal to 100% of the mass of granite (222 kg), the installation was equal to 100% of the mass of granite (222 kg), the use was equal to 100% of the mass of granite (222 kg), and the final disposal was equal to 50% of the mass of granite (111 kg).
It was assumed that the cabinet doors in all variants would be washed once a quarter (both sides), and the worktops would be washed daily. The same transportation distance to the customer was adopted in each variant, equalling 100 km. Collective inventory tables for each life stage are presented below. Table 1 shows the mass (kg) and costs of the materials (€) for each furniture unit. Table 1 shows the cumulative mass of each furniture unit, without division into individual components or types of materials. Due to a large amount of data, it was decided to show these results in an aggregated form. However, it should be stressed that LCA and LCC were performed based on detailed information about the material consumption and the purchase costs for each, even minor construction elements (e.g., fronts, walls, screws, hinges, bolts, handles, joints, track rollers, drawers). These data were used to determine the environmental impact and the costs of production. More detailed information can be found in a separate file, 'Supplementary Information', where examples of the obtained results are presented. A description of the Microwave cabinet SM60/140 (BASE scenario) showed, in Table S10 , where all construction elements are characterised in terms of theirs materials, mass, the environmental impact of the construction materials' production, and the prices. Table S11 presents the environmental impact of all furniture units from the perspective of characterised LCIA results for all impact categories. Also, the environmental impact related to the emission of greenhouse gases for producing various construction materials has been presented in the Supplementary Information (Table S12) .
According to the data shown in Table 1 , in the baseline scenario, all furniture units weigh 924 kg, while double furniture units are the heaviest, including two storage cabinets S60/140 (2 × 62.5 kg = 125 kg), two low corner cabinets SN120/90 (2 × 68.5 kg = 137 kg), two low storage cabinets SN60/90 (2 × 50.5 kg = 101 kg), the worktop (103 kg), and the modular cupboard (96 kg). As for the costs of purchasing materials and accessories, the same furniture units are a major source of costs, accounting for 66.5% of the whole system of furniture (704€ + 725€ + 323€ + 245€ = 1998€). In scenario ALT1, the cost of the entire system increases significantly from 3003€ to 4039€, compared to BASE, making a difference of 34%. This is mainly due to the higher prices of solid wood boards in comparison to wood-based boards. ALT1 assumed a change of the construction material for all cabinet fronts and worktops, which, when of wood in the BASE scenario, together weigh 268 kg, accounting for 29% of the entire system. In ALT1, the mass of these units is 246 kg, which results mainly from the lower mass of the worktops (the HPL density used in BASE was d = 1450 kg/m 3 , while the density of hardwood used in ALT1 was d = 960 kg/m 3 ). The price of each furniture unit is clearly higher in ALT1, which results from the use of a more expensive material for the fronts. The ALT2 scenario assumed the use of MDF fronts and 30 mm thick granite worktops (PRB180/60, BMZ, BMP) and additional legs for the cabinets on which worktops will be located. The mass of the entire system has gone up to 1002 kg, while the cost of the system is estimated at 3443€ (variant ALT2a). The cost is lower than in the case of ALT1 due to the fact that the material of the cabinet fronts remained unchanged (less expensive MDF). The total mass of the worktops used in the BASE scenario is 195 kg (150 kg = HPL board, 45 kg = other elements); the hardwood worktops in ALT1 weigh 145 kg (100 kg = hardwood, 45 kg = other components), while those made of granite in ALT2 weigh 266 kg (221 kg = granite, 45 kg = other components). This has an impact not only on the total mass of the whole system, but also on the transportation coefficients. Table 2 also presents data about the other stages of the life cycle, including transportation to the user (load mass, distance = 100 km, transportation coefficients) and furniture installation at the user's location, which was calculated on the basis of the working time and the number of employees, the electricity consumed by electrical tools (kWh, €), and the remuneration of the employees. The slightly higher installation costs of the ALT2 kitchen stem from the assumption that an additional person is required for the installation of granite countertops. In scenarios BASE and ALT1, it has been assumed that the kitchen will be installed by two persons for eight hours, while the installation of the ALT2 kitchen will require three people working for six hours. This has no impact on the electricity consumption because the activities performed by the third person do not require a power supply (carrying, stacking). As for the use of the furniture, it has been demonstrated, both in terms of mass and cost, that water and detergent consumption is related to cleaning the kitchen and using preservatives such as lacquer for wood-based boards, oil for wood, and sealer for the granite worktops.
The last part of Table 2 shows the mass of the waste generated after the transfer of furniture for final disposal and the related costs. Since the costs are estimated from the point of view of the furniture user, the costs of the final disposal are presented as negative numbers (income). This is due to the fact that both recyclers and incineration plants pay furniture users for the delivery of waste. These costs were calculated by market resale prices in Poland at the time of the study. The lower economic benefit in scenario ALT2b is due to the fact that, in this scenario, it has been assumed that only 50% of the granite mass will be resold to the manufacturer of the aggregate (for reuse). 
Results
Costs and Environmental Impact per Life Cycle Stages
The total cumulative environmental impact of the kitchen's life cycle in the baseline scenario BASE is 398 mPt (Figure 3) , while the undiscounted cumulative life cycle costs analysed from the point of view of the user in the BASE version are 3759€ (Figure 4) . The change of material from wood-based boards to oiled solid wood (BASE → ALT1) for the cabinets and worktops has resulted in a decrease of the environmental impact by 14% (up to 342 mPt). In contrast to the LCC result, just like in ALT1, the undiscounted costs of such a change are estimated at 4886€, accounting for an increase of 30% compared to BASE (Figure 4) . The introduction of granite as a material for worktops, without taking into account the benefits from its long life (BASE → ALT2a), generates an environmental impact for the entire life cycle equalling 484 mPt and costs at 4326€. This is an increase of 21.8% and 15% in terms of environmental impact and costs, respectively, compared to BASE. After taking into account the environmental benefits arising from the 20-year lifespan of the granite worktop (50% of production, 50% of final disposal) (ALT2a → ALT2b), the environmental indicator drops from 484 to 375 mPt, while the costs go down from 4326€ to 4090€.
From the environmental point of view, it can therefore be concluded that variants ALT1 and ALT2b are the preferred options (ALT1 = 342 mPt and ALT2b = 375 mPt). From the cost point of view, however, they are less favourable. While the total undiscounted LCC indicator for ALT2b is 4090€, about 331 € (9%) higher than the costs in scenario BASE, in the case of ALT1, it is 4886€, accounting for an increase in costs by 30% compared to BASE ( Figure S2 in the Supplementary Information).
From the point of view of the environmental impact of the various life stages, similar results have been obtained for all the analysed variants ( Figure S3 in the Supplementary Information). In any case, the production of construction materials and accessories is the main source of the environmental impact (BASE prod = 646 mPt, ALT1 prod = 596 mPt, ALT2a prod = 703 mPt, ALT2b prod = 666 mPt). Transportation is in second place; however, its indicator is more than 10 times lower than the result for production (BASE trans = 63 mPt, ALT1 trans = 62 mPt, ALT2a trans = 68 mPt, ALT2b trans = 61 mPt). Even lower indicators have been achieved for installation and use; 18 mPt and from 5-9 mPt, respectively. An important environmental benefit has been demonstrated in the final disposal. The negative result of the indicator stems from the assumption that the steel components of the furniture are intended for recycling, which is discussed later in this article. It should be noted that the cumulative environmental benefit at the stage of final disposal amounts to 50% of the cumulative indicator for production.
The purchase of furniture is the main source of costs. As for the undiscounted costs generated throughout the life cycle, the purchase costs constitute approximately 80% of the cumulative life cycle cost indicator ( Figure S4) ; after the discounting, this share is increased by a few percent ( Figure S5 ). The cost indicators for the remaining life cycle stages are slightly different from the LCIA results. The share of transportation costs is significantly lower than its share in the environmental indicator and amounts to as little as 0.2% (Figures S4 and S5) . The installation costs are at 0.3-0.5%. From the cost point of view, the importance of the use stage clearly grows (costs of water, detergents, restoration, and maintenance of the area), amounting to approximately 20% of the cumulative life cycle cost indicator. The ratios of the environmental indicators for production and use are 81:1 (BASE), 117:1 (ALT1), 78:1 (ALT2a), and 74:1 (ALT2b), and the ratios of costs for these two stages are 4:1 (BASE), 5:1 (ALT1), 4:1 (ALT2a), and 4:1 (ALT2b). It is thus evident that, although use plays a fully negligible role in the environmental terms, it is much more important from the cost point of view.
The shares of final disposal are also different in the LCIA and LCC results. As stated before, the negative environmental indicator for this stage (environmental benefit) is nominally 50% of the environmental impact exerted by the production of construction materials. The economic benefits (money for the user of the furniture from the resale of waste-to-waste management entities) are much lower and represent only about 1% of the purchase price of the furniture. More information about the assumptions made in relation to the final disposal can be found in the Supplementary Information in Table S13 . 
Costs and Environmental Impact per Furniture Units and Construction Materials
The values of the environmental indicators for individual furniture units are presented in Table  3 , while their percentage shares in the impact of the production stage are included in the Supplementary Information (Table S1 ). The most severe environmental impact was obtained for the following furniture: the microwave cabinet SM60/140 (BASE = 74.3 mPt, ALT1 = 73.7 mPt, ALT2a = 77.6 mPt, ALT2b = 77.6 mPt), the storage cabinet (two pieces) S60/140 (BASE = 145.8 mPt, ALT1 = 143.9 Pt, ALT2a = 152.4 mPt, ALT2b = 152.4 mPt), the low corner cabinet (two pieces) SN120/90 (BASE = 52.8 mPt, ALT1 = 50.9 mPt, ALT2a = 59.5 mPt, ALT2b = 59.5 mPt), the low storage cabinet (two 
The values of the environmental indicators for individual furniture units are presented in Table 3 , while their percentage shares in the impact of the production stage are included in the Supplementary Information (Table S1 ). The most severe environmental impact was obtained for the following furniture: the microwave cabinet SM60/140 (BASE = 74.3 mPt, ALT1 = 73.7 mPt, ALT2a = 77.6 mPt, ALT2b = 77.6 mPt), the storage cabinet (two pieces) S60/140 (BASE = 145.8 mPt, ALT1 = 143.9 Pt, ALT2a = 152.4 mPt, ALT2b = 152.4 mPt), the low corner cabinet (two pieces) SN120/90 (BASE = 52.8 mPt, ALT1 = 50.9 mPt, ALT2a = 59.5 mPt, ALT2b = 59.5 mPt), the low storage cabinet (two pieces) SN60/90 (BASE = 102.1 mPt, ALT1 = 100.9 mPt, ALT2a = 108.8 mPt, ALT2b = 108.8 mPt), the mobile unit with drawers MJ40/60 (BASE = 64.9 mPt, ALT1 = 64.9 Pt, ALT2a = 64.9 mPt, ALT2b = 64.9 mPt), the mobile unit for waste segregation MO40/60 (ALT1 = 64.9 Pt, ALT2a = 64.9 mPt, ALT2b = 64.9 mPt), and the modular cupboard (BASE = 26.7 mPt, ALT1 = 22.9 mPt, ALT2a = 26.7 mPt, ALT2b = 26.7 mPt). In total, these modules are responsible for 72% (BASE), 85% (ALT1), 66% (ALT2a), and 64% (ALT2b) of the environmental impact of the production stage. The modular cupboard MULTI is also mentioned above, although its environmental indicator is not very high. This is due to the fact that LCA and LCC did not take into account data concerning the cupboard hardware, which would otherwise raise both the environmental and cost indicators. The case of the low corner cabinet (two pieces) SN120/90 is similar as the LCA does not include a corner unit with full extension PEKA shelves. It is expected that the inclusion of this unit would further increase its indicators. These pieces of furniture units are also key components from the cost point of view (Table 1) . Together, they constitute 82% (BASE), 81% (ALT1), 76% (ALT2a), and 75% (ALT2b) of the entire purchase price of the furniture.
The full design and construction documentation was prepared for each designed furniture unit, enabling the production of the furniture by the manufacturer. The documentation included a technical description, technical requirements, and drawings, along with information about the dimensions, components, materials, and selected specific accessories. It can generally be assumed that the material structures of the designed cabinets are alike because they are constructed in a similar way. Tables S2  and S3 in the Supplementary Information present data about the mass of the individual furniture units by the types of construction materials for the BASE scenario. It can be seen ( Table S2 ) that 88% of the mass of the entire kitchen in the BASE standard is wood-based materials (812 kg) and 9.8% is ferrous metals (steel) (90.3 kg). The wall cabinets, fronts, and horizontal worktops are composed of wood-based materials. The steel parts are mainly components of the drawer track guides (glides, actuators, fasteners) but are also slides, sides, and other accessories such as connections, hinges, bolts and screws.
A comparison of the values shown in Tables S2 and S3 for the columns corresponding to the microwave cabinet SM60/140, storage cabinet (two pieces) S60/140, low corner cabinet (two pieces) SN120/90, low storage cabinet (two pieces) SN60/90, mobile unit with drawers MJ40/60, mobile unit for waste segregation MO40/60, and the modular cupboard MULTI shows that these furniture units generally involve the greatest consumption of construction materials (the highest mass) and the heaviest steel components (microwave cabinet 19.4%, storage cabinet 19.9%, low storage cabinet 16.3%, mobile unit with drawers 41%). In the cases of the low corner cabinet and the modular cupboard, the share of metal parts would be higher if the cupboard hardware and the full extension of the PEKA shelf were taken into account.
Discussion
Wood-based materials constitute 88% of the mass of the furniture in the BASE scenario (Table S2) , while their share in the costs is only 28% (Table S6 ) and their environmental impact is 30% (Table S4) . Metal parts are only 10.5% of the mass of the furniture system, while their share in the total environmental impact is 67% and their share in the costs is 50%. The high share of metal parts in the environmental impact is due to the assumption that the majority of furniture accessories are made of high-quality steel (according to the description of the material composition provided by the producers or sellers). The cumulative impacts of the production of 96.8 kg of metal components (steel 90.3%, aluminium 6.5 kg) is 431.6 mPt, of which steel is 415.3 mPt and aluminium is 16.3 mPt. The analysis assumes that the steel parts are recycled after the use of the furniture at the stage of final disposal. Figure 3 shows that environmental benefits are generated in each of the analysed scenarios at the stage of final disposal. In the BASE scenario, the final indicator for this stage is −338 mPt and stems mainly from recycled steel. The indicator for steel production in the amount consumed to construct the furniture in the BASE scenario is 415.3 mPt, while the environmental benefit from its recycling is −375 mPt; the result has been obtained by treating the environmental impact of steel production as an avoided burden (environmental benefit) and subtracting from this the negative impacts associated with steel scrap collection and management, which represents 90% of the production impact. Thus, on the one hand, steel is the main source of the negative impact generated at the stage of production; on the other hand, it has significant recycling potential, being a source of environmental benefits. As for the costs, the benefit to the user from the resale of used steel components is small. The costs of purchasing steel components in the BASE scenario have been estimated at 1371.8€ (Table S6) , while the revenue from their resale to a recycler is 17€, meaning that the purchase costs are refunded only at the level of 1.2%.
The environmental impact of the production of wood-based materials, the consumption of which is nine times higher than that of steel (wood-based materials 812.1 kg, steel 90.3 kg), is more than two times lower than the impact of the production of steel components (wood-based materials 191.9 mPt, steel 415.3 mPt). However, it has been assumed that wood-based materials are not recyclable and would therefore be sent to incinerators for final disposal. Due to their structure (resins, binder), the incineration of wood-based materials generates a higher environmental impact than that of untreated wood. The environmental impact exerted by the incineration of 812.1 kg of wood-based materials has been estimated at 36.5 mPt. Thus, from the point of view of two key life cycle stages of wood-based materials and steel (production and final disposal), steel is much more advantageous, even though the cumulative effect of production is significantly higher per 1 kg of the material (4.45 mPt/1 kg of steel, 0.22 mPt/1 kg of laminated chipboard, 0.25 mPt/1 kg of MDF). The production and incineration of wood-based materials generate a potential impact equal to 228.36 mPt (191.9 mPt + 36.5 mPt), while the production and recycling of steel generate only 40.3 mPt (415.3 mPt + (−) 375 mPt).
Other scenarios should also be assessed in the context of these results. Tables S8 and S9 (Supplementary Information) present the environmental impact and costs of those items that vary in each scenario, i.e., cabinet fronts and worktops. In both cases, the analysis was made for different life cycle stages. Only two scenarios are considered for fronts: MDF fronts (restoration by lacquering during use) and solid hardwood fronts (restoration by oiling during use). Since the densities of these two materials are different (MDF 770 kg/m 3 , hardwood 960 kg/m 3 ), the mass of the fronts in both variants is different. The MDF fronts weigh 118 kg, and the wood fronts are 146 kg, resulting in higher costs and environmental indicators for transportation. The production of solid wood fronts generates a much lower impact, equal to 18 mPt, while the MDF fronts generate 29 mPt. The analysis was based on data sets from the ecoinvent database, which is representative of Europe, with 'sawn timber, hardwood, planed, kiln dried, u = 10%, at plant, (m 3 )' and for board 'medium density fibreboard, at plant/RER (m 3 )'.
The environmental impact of the production of 1 m 3 of wood calculated using Impact 2002+ is 113.6 mPt (0.118 mPt/1 kg), while that of 1 m 3 of MDF equals 196.9 mPt (0.256 mPt/1 kg). A reduction of impact occurs mainly in the damage categories 'resources' and 'climate change'. In the first case, the indicator for 1 m 3 of wood is 13.7 mPt, while, for 1 m 3 of MDF, it is 74.4 mPt (5.5 times higher). In relation to climate change, the indicator for 1 m 3 of wood is 10.85 mPt, while, for MDF, it is 48.5 mPt, which is 4.5 times higher. The environmental benefit of wood is also visible in terms of 'human health' (26.7 mPt/1 m 3 of wood, while the indicator for human health for 1 m 3 of MDF is 63.3 mPt, which is 2.4 times higher). While the wooden fronts are much more advantageous from an environmental point of view, they are much more expensive. The costs of purchasing wooden fronts are estimated at 1196€ and are three times more expensive than MDF fronts (396€). There is no significant difference between these two materials in terms of the costs of use and final disposal.
The use of wooden worktops is also the most beneficial in environmental terms (Tables S8 and S9 in the Supplementary Information). The impacts of production, transportation, use, and final disposal for wooden countertops are as follows: BASE worktops 68 mPt, ALT1 worktops 25 mPt, ALT2a worktops 92 mPt, and ALT2b worktops 55 mPt. If the benefits from the extended lifespan of granite worktops are not taken into account, this variant (ALT2) is the least advantageous. Halving the impacts of production and final disposal decreases the result to 55 mPt, which is comparable to BASE. Moreover, the costs of purchasing granite are higher than the purchase price of wooden worktops (476€ for granite worktops in ALT2a, 375€ for wooden worktops, and 139€ for HPL worktops). However, if their extended lifespan and only 50% of the purchase costs are taken into account, they are preferable to wooden worktops (238€ for granite countertops in ALT2b, 375€ for the wooden worktops).
Steel consumption did not differ between the analysed scenarios, but the ALT2 scenario has assumed an installation of an additional two legs on each of the cabinets on which granite countertops will be placed. For simplicity, it has been assumed that the legs consist only of steel. The additional steel consumption for the 18 additional legs has reached 6.8 kg. With the significant disparities in the environmental impact of steel and wood materials (per 1 kg), it turns out that the impact generated by the production of 6.8 kg of high alloyed steel is 30 mPt, and this indicator is comparable to the impact exerted by the production of all MDF fronts (29 mPt) and much higher than the impact of the production of wooden fronts (18 mPt). However, the recyclability of steel brings an environmental benefit of −28 mPt, and eventually the combination of both values gives the environmental indicator for the additional legs equal to 2.5 mPt. From the cost point of view, the introduction of additional legs is much less significant (the cost of purchasing these additional legs is 92€). While 30 mPt for the production of 7 kg of steel accounts for 4.3% of the impacts exerted by the production of all construction materials in ALT2a, 92€ accounts for as little as 0.6% of the costs of purchasing these materials.
Conclusions
This article presents the results of LCA and LCC for different variants of the designed kitchen. In addition to environmental and cost aspects, this analysis also includes social issues, as dozens of design solutions have been developed to facilitate the use of the kitchen by the elderly and physically disabled. As shown in Figure S2 (Supplementary Information), no variant of the design is clearly preferable. All kitchens have the same social solutions (each variant has 24 design solutions taking into account the needs of the elderly and physically disabled). From an environmental point of view, in terms of the whole life cycle, ALT1 is the most advantageous variant and assumes the use of solid wood fronts and countertops. However, this is also the most expensive design because the undiscounted life cycle costs have been estimated at 4886€, which is 30% higher than the BASE variant and 13% higher than ALT2a, which assumes the use of expensive granite worktops (the ratios for the discounted costs are similar).
Based on the results, the following conclusions can be drawn. The analysis of the design solutions from the point of view of several criteria (costs, environmental impact, social aspects) and several life cycle stages shows the complexity of the decision-making process and difficulties in selecting a clearly favourable solution. Environmentally preferred materials may be difficult for users to accept due to their costs. On the other hand, materials that have a high environmental impact at the production stage may show a great potential for final disposal (reuse, recycling), which affects their final assessment in the context of the whole life cycle (e.g., steel). The assumed use of additional steel legs for cabinets supporting granite worktops in ALT2a and ALT2b shows that such seemingly trivial components may be important, at least from the environmental point of view. If steel was not recyclable, the introduction of additional legs would noticeably increase the environmental impact of the kitchen in variants ALT2a and ALT2b.
The long lifespan of materials must also be taken into account. In accordance with the Design for Durability principle, extending the service life is consistent with the idea of eco-design. In this analysis, the extended durability of granite countertops changes the ranking of the kitchen. While ALT2a scores the worst from the environmental point of view, ALT2b is in second place (following ALT1 in environmental terms and BASE in terms of costs). The issue of this discussion is how to account for the extended durability of materials and products. In the case of the analysed kitchen, ALT2b, only granite, as one of the components, is characterized by a 20-year period of use, while the other kitchen units have a 10-year lifespan.
The integrated kitchen presented in the paper is universal, which means that it can be used by people with or without disabilities. An increase in material usage is the main effect of introducing the integrative adaptations. For this reason, it is probable that the extension of the function results in an increase of the environmental impact and costs in comparison with a non-integrated kitchen. In the presented case, the additional materials are intended to be applied as a consequence of using a special lifting system for the worktops, a special steel/aluminium frame for the modular cupboard with an electric drive, and an additional supporting system for doors and drawers. Moreover, the construction of the furniture and its placement in the integrated kitchen must guarantee that additional free space is available (e.g., below the worktops to accommodate a wheelchair, tall plinths). An additional kitchen surface is also needed in order to gain a wheelchair manipulation zone (a field of 150 cm in diameter for convenient wheelchair manipulation is recommended). On the other hand, all solutions designed for the integrated kitchen are intended to reduce the risk of accidents and damage to the furniture. From this point of view, the adaptations can improve the durability of the kitchen. Table S1 : Share of the kitchen's furniture units in the environmental impact of production (eco-indicator for production is 100%) (%); Table S2 : Mass of the construction materials used in particular furniture units in the BASE scenario (kg); Table S3 : Share of the construction materials in the total mass of particular furniture units in the BASE scenario (%); Table S4 : Environmental impact of the construction materials for particular furniture units in the BASE scenario (mPt); Table S5 : Environmental impact of the construction materials as a share in the eco-indicator for particular furniture units in the BASE scenario (%); Table S6 : Costs of purchasing the construction materials for particular furniture units in the BASE scenario (€); Table S7 : Costs of purchasing the construction materials as a share in the total costs for particular furniture units in the BASE scenario (%); Table S8 : Environmental impact (mPt) per life cycle stage and mass (kg) of the fronts, worktops, and additional furniture legs in the analysed scenarios; Table S9 : Costs (€) per life cycle stage and the mass (kg) of the fronts, worktops, and additional furniture legs in the analysed scenarios; Table S10 : Environmental impact of the production of the construction materials (mPt) and the prices of construction elements (€) of the microwave cabinet SM60/140 (BASE scenario); Table S11 : Share of the furniture units in the characterised impact category indicator results (%); Table S12: Cradle to gate environmental impact for the production of the construction materials as global warming (midpoint) and climate change (endpoint) indicator results; Table S13 : Final disposal of wasted furniture units, including the type of waste, manner of treatment, and cost calculation.
